Abstract Debris avalanche hummocks are created by catastrophic volcanic sector collapses. The paucity of quantitative data on their orientation relative to the debris avalanche direction has caused conflicting views among researchers. We evaluated hummock orientation in the Zenkoji debris avalanche deposits at Usu volcano, Japan. Our results show that hummocks within the upper part of the main depositional area, the axial band leading directly from the source to the central extremity of the debris avalanche deposits, tend to be aligned perpendicular to the presumed flow direction. However, hummock alignment varied systematically along the longitudinal path. Although hummocks close to the source were oriented perpendicular to the flow direction, we noted a gradual transition to a parallel orientation with increasing distance from the source. At the same time, hummocks had arisen on compression-dominated features of the debris avalanche surfaces in the marginal areas. These observations are consistent with the following scenario of the debris avalanche movement. To begin with, the origin is explainable for some large-scale hummocks near the source as below. At the moment of collapse, a small number of normal faults develop perpendicular to the landsliding direction, generating a series of ridges and grabens. Then, the alignment of the other hummocks was given rise to by an extensional regime as the runout distance increased and the lateral constraints on the erosional path near the volcano disappeared. As the longitudinal velocity increased further with respect to lateral velocity, hummocks became more strongly aligned at such distances from the proximal area. On the other hand, more-scattered orientations of hummocks have been observed in the marginal areas. This is probably because they were originated from the sediments pushed out of the main flow instead of being transported by the most direct way from the source.
Introduction
Hummocks are characteristic landforms of debris avalanche deposits (Ui 1983; Siebert 1984; Ui et al. 2000) . These striking topographic features have long attracted the attention of the scientific community as traces of catastrophic volcanic sector collapses. Analysis of debris avalanche hummocks is expected to provide insight into sector collapse events; however, questions remain as to their geomorphological significance. Researchers differ on the significance of hummock orientation. Earlier works (e.g., Mizuno 1958) , with few exceptions, have reported that hummocks tend to be aligned parallel with or perpendicular to the flow direction. More recently it has been suggested that no consistent overall trend exists, although flow-parallel alignment of the long axes of hummocks has been described in some deposits (Ui 1987; Ui et al. 2000) .
Especially in earlier studies, the evaluation of the alignment of hummocks on the debris avalanche depositional surface was done by eye with little quantitative control, although several studies have taken a quantitative approach (Hoshino et al. 1995; Glicken 1996; Sango et al. 1998; Clavero et al. 2002; Yoshida and Sugai 2006; Shea et al. 2008; Dufresne and Davies 2009) . It is generally recognized that hummock size tends to decrease with distance along the path of debris avalanches (Glicken 1996; Clavero et al. 2002) . But with regard to hummock orientation, most of the cited studies offer no more than brief descriptions to suggest a relationship with the main flow direction, whereas others report little or no quantitative work, with exceptions such as Ikeda and Oyagi (1996) and Koarai et al. (2008) .
We hold that acquiring quantitative data should be a fundamental goal in geomorphology, and it was a major purpose of our study. We applied morphometric techniques to evaluate quantitatively the orientation of hummocks in the prehistoric Zenkoji debris avalanche --65 YOSHIDA H and SUGAI T at Usu volcano in Japan. We believe that efforts of this kind will create a basis for future data integration and discussion of debris avalanche mechanisms in relation to the topography in their areas of origin.
Study Area
We selected the Zenkoji debris avalanche deposits at Usu volcano, Hokkaido, for our study (Figure 1) . Usu is one of the most active volcanoes in Japan (Soya et al. 2007) . It is a post-caldera cone of Toya Caldera, which formed as a result of pyroclastic eruptions during the Late Pleistocene. The main body of Usu volcano formed afterward on the southern rim of Toya Caldera as the result of repeated eruptions of lava and scoria of basalt and mafic andesite.
In the early Holocene, the summit of the resulting stratovolcano broke, causing the Zenkoji debris avalanche, which was constrained by no apparent barrier. This was a typical freely spreading fan-shaped debris avalanche (Figure 1 ). The destruction caused formation of an amphitheater (caldera), 1.8 km in diameter and opening to the southwest (Soya et al. 2007) . Although the source area is now being buried by post-avalanche ejecta, the caldera rim has been preserved. There are a number of lava domes and cryptodomes on the northern flank (e.g., O-Usu, Ko-Usu and Showa-Shinzan; Figure 1 ) as a result of activity during the last three centuries (Soya et al. 2007 ).
The depositional surface of the Zenkoji debris avalanche, which has a volume of ,2 km 3 , is well preserved at the southwestern foot of Usu (Takarada and Melendez 2006) ; the most distal material was deposited in Funka Bay. The pre-avalanche coastline was probably linear, extending from northwest to southeast ( Figure  1 ), but the debris avalanche advanced the coastline offshore in a fan that is now indented. Soya and Katsui (1981) documented the direction of the debris avalanche using the alignment of hummocks along with their approximation of the surface structure of lava flows. Because their descriptions are qualitative, our study is an initial attempt to derive quantitative data for the Zenkoji debris avalanche. A geological survey of volcanoes has shown that the plug flow model can be applied for the Zenkoji debris avalanche (Takarada and Melendez 2006) , similar to that of many other debris avalanches (Takarada et al. 1999; Bernard et al. 2008) . Because of the lack of confinement of the Zenkoji debris avalanche and its similarity of magnitude and flow mechanism to other studied examples, we considered the Zenkoji debris avalanche as a typical example of a freely spreading debris avalanche, suitable for examination of hummock alignment.
Data Acquisition and Analytical Method
This study refers two types of geomorphological maps for analysis. One is the Land Condition Map of Usuzan Volcano, a series of maps at scales between 1 : 10,000 and 1 : 50,000, published in 2000 by the Geographical Survey Institute of Japan. The maps provide basic information for such purposes as predicting volcanic damage and formulating disaster prevention measures. They show the distribution of landforms formed by past volcanic activity, eruptive landforms (e.g., lava and pyroclastic flows, scoria cones, debris avalanches, hummocks) as well as the locations of disaster prevention facilities and organizations, relief and safety facilities, structures for river flow control, tourist facilities, and other pertinent information. The geomorphological mapping of the Land Condition Map of Usuzan Volcano was done by interpreting aerial photographs taken in 1944 (Imperial Japanese Army), 1947-1948 (U.S. Forces), and 1995 (Geographical Survey Institute, Japan).
The other geomorphological map is one that we prepared (Yoshida et al. 2010) . Using stereoscopes, we traced the outline of each hummock on 1 : 23,000-scale aerial photographs taken by the Geographical Survey Institute, Japan, in 1967.
Data acquisition and analytical procedures were as follows. First, we scanned the Land Condition Map of Usuzan Volcano and aerial photographs with a scanner at a resolution of 400 dpi. We digitized hummocks into polygons with GIS coordinates (TNTmips, MicroImages, Inc.) and then measured the area of each hummock and the distance between the center of the source area and the centroid of each hummock ( Figure 2 ). We disregarded hummocky islands in the sea because we were likely to misjudge their correct size and alignment.
For the quantitative evaluation of hummock alignment, we defined the major axis of each hummock as the longest segment connecting vertices of the corresponding polygon (Figure 2 ), similar to other studies (Sango et al. 1998) . We considered two flow directions of the debris avalanche. The "main flow direction" (MFD) is defined by the line from the center of the caldera to Cape Arutori and is oriented at N42°E (Figure 1 ). Cape Arutori is the farthest terrestrial extremity of the debris avalanche depositional area and is its greatest seaward extension. We defined the "individual flow direction" (IFD) for each hummock as the orientation connecting the centroid of a hummock polygon and the center of the caldera ( Figure  2 ). We then evaluated the displacement as the acute angle (0°#q,90°) between the major axis direction and these two flow directions for each hummock (Figure 2 ).
Results and Discussion

Morphometry of hummocks
On the terrestrial Zenkoji debris avalanche depositional surface, we counted 208 hummocks on the Land Condition Map of Usuzan Volcano (Figure 3 ) and 262 hummocks on our geomorphological map (Figure 4) .
In both datasets, smaller hummocks (, ca. 30,000 m 2 ) are found throughout the debris avalanche deposits ( Figure 5 ), but there are fewer large hummocks toward the distal end of the deposits, as has been observed in many other debris avalanche deposits. This indicates that the initial blocks resulting from the volcano collapse were a few masses with cracks when the collapse started. These later became the cores of numerous hummocks in the depositional area. The size distribution of the hummocks is analyzed in more detail elsewhere (Yoshida et al. 2010). The 10 randomly selected hummocks used for estimation of measurement error are cross-hatched and numbered sequentially from 1 to 10 (corresponding to the numbers in Table 1 ). The 10 randomly selected hummocks used for estimation of measurement error are cross-hatched and numbered sequentially from 1 to 10 (corresponding to the numbers in Table 2 ).
-67 YOSHIDA H and SUGAI T We estimated the measurement errors introduced in digitizing the outline of each hummock as follows. First, using the analytical function of Microsoft Excel, we selected 10 hummocks at random from each dataset (indicated on Figures 3 and 4) . We digitized each of these hummocks 10 times, then calculated the average values and standard deviation of four parameters (Tables 1, 2) . The standard deviations of the area, perimeter, and major axis were small in relation to their respective average values, indicating that their measurement errors were negligible. The major axis direction, a critical index in this study, varied by 7° or 8° at most (Tables 1, 2 ). Therefore, we classified the displacement between the flow direction and the major axis orientation into three bins of 30° each, which is sufficiently larger than the standard deviation to be meaningful. We interpreted hummocks with a displacement of 0-30° to be "parallel" with the flow, and those with a displacement of 60-90° or 30-60° to be "perpendicular" to the flow or "obliquely" oriented, respectively.
Displacement of the major axis direction from the flow direction
In the Zenkoji debris avalanche, more hummocks had a displacement of 60-90° from the flow direction than those with 0-30° displacement; that is, more were perpendicular than parallel (Figure 6 ). This tendency was also apparent when the hummock alignment was expressed as cumulative area of the hummocks. However, some differences emerged in the displacement data according to the two different definitions of flow direction and the two datasets (Figure 6 ). Oblique orientations Quantitative Examination of Hummock Alignment in Debris Avalanche Deposits: Zenkoji Debris Avalanche, Usu Volcano, Japan --68 predominated over both perpendicular and parallel orientations in some cases.
This result suggests that different definitions of flow direction and the different data sources can affect the results and interpretations somewhat arbitrarily. Attempting a more robust evaluation, we focused on the "main depositional area", a 2-km-wide axial belt oriented N42°E and defined by the direction and width of the caldera at Usu volcano (Figures 3, 4) . We examined whether any trend in hummock alignment could be observed either inside the main depositional area or outside it in the "marginal depositional areas". For this purpose, we judged hummocks to be in the main depositional area if their centroids were inside its boundary.
There was a clear difference in hummock alignment between the main depositional area (Figure 7 ) and marginal depositional areas (Figure 8) . Hummocks in the main depositional area showed obviously larger displacements (Figure 7) . On the other hand, hummocks in the marginal depositional areas had more heterogeneous orientations (Figure 8) . Here, dividing the marginal areas into two, we found that the hummocks tended to be oriented inward in the northwestern marginal area, and those in the southeastern part oriented with various directions (Figure 9) . Furthermore, we considered the variations in hummock displacement with distance from the source, confining our analysis to the main depositional area (Figure 10) . Displacement of the hummock orientation clearly varied over the course of the debris avalanche. In relation to their depositional area, in particular, hummocks near . Orientation of hummocks in the marginal areas divided into two, the northwestern and the southeastern parts.
When the major axis direction of hummocks ranges between N42° E to N48° W in the northwestern marginal area, and between N42° E to N132° E in the southeastern marginal area, those hummocks are aligned as "inward" to the main flow direction (MFD; N42° E). All remaining hummocks are arranged as "outward".
the source tended to be aligned perpendicular to the flow direction and became more often oblique and parallel to the flow direction with distance from the source. Similar longitudinal variation has been reported for the Leyte debris avalanche in the Philippines (Koarai et al. 2008) .
Debris avalanche movement
From the above observations, we consider it likely that hummocks in the main depositional area were controlled directly by the debris avalanche movement, traveling straight from the source to the sea (toward Cape Arutori). At the same time, hummocks had arisen in the marginal areas, as a consequence of sediments pushed out of the main flow instead of being transported by the most direct way from the source. Together with the relationship between hummock displacement and runout distance in the main depositional area, combined with the present topography (Figure 10b) , we suggest the following transport scenario for the Zenkoji debris avalanche. Of course, we should take note of the other effects on avalanche process, when more appropriate, in the future. The collapse started with a gliding motion, causing the volcanic edifice to form a small number of normal faults to develop perpendicular to the landsliding direction and generating a series of ridges and grabens. These masses gave rise to a few large-scale hummocks on the lower flank, 2-3 km from the pre-failure summit. Far from the proximal area, below an abrupt decrease in slope (Figure  10b ), the debris avalanche surface gradually became governed by an extensional regime as the runout distance increased and the lateral constraints on the erosional path near the volcano disappeared. Some masses (blocks) tended to be deposited as perpendicularly oriented with comparatively large friction, and the others had gone seaward as the main flow of debris avalanche.
In such a main flow, as the longitudinal velocity increased further with respect to lateral velocity at this stage, hummocks became more strongly aligned (Dufresne and Davies 2009) , especially in the distal part of the terrestrial domain. On the other hand, marginal areas were basically formed by the additional (or secondary) lateral flows from the main avalanche, resulting in the rapid deposition because of the drop of longitudinal velocity as the avalanche slowed quickly, creating compression-dominated surface features as hummocks with more-scattered orientations.
The Zenkoji debris avalanche terminated in the sea, where hummocks are distributed today as islands. At the distal end of the main depositional area under the sea, if water effects on the alignment of hummocks are negligible, we may anticipate hummocky topography as such observing in the marginal depositional areas.
Conclusion
After a concerted program of quantitative data accumulation, this study investigated hummock orientations in the Zenkoji debris avalanche deposits, Japan. We demonstrated a clear relationship between hummock orientation and the debris avalanche direction, and suggest a dynamic scenario for the Zenkoji debris avalanche. In the axial or main depositional area of the debris avalanche, the hummocks are oriented perpendicular to the flow direction close to the source, then display a transition to parallel alignment further from the source. In the marginal areas, where the lateral flows dominated, the hummock alignment reflects the compression-dominated features of the debris avalanche surfaces. This kind of quantitative examination is simple, but it surely can be a key to greater understanding of debris avalanches with further comparative investigations. Many volcanoes with hummocky terrain around them have not yet been fully examined. Studies of these volcanoes similar to ours may help to elucidate the physical properties associated with the formation of hummocky landforms.
